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ABSTRACT

Using chromosome jumping and walking and
restriction fragment length polymorphism (RFLP)
analysis, we have defined the region which must
contain the cystic fibrosis gene. DNA segments
spanning approximately 250 kb in the direction of the
gene were isolated and used to identify several new
polymorphisms informative in cystic fibrosis families.
These RFLPs include a highly polymorphic, CA/GT
repeat, and a 10 bp insertion uncovered using the
polymerase chain reaction. By analyzing a family with
a recombination near the gene, we can exclude this
region as containing the mutation. Data on the extent
of linkage disequilibrium of these markers provides
additional information on where the gene is located.

INTRODUCTION

The gene responsible for cystic fibrosis (CF) has been mapped
to chromosome 7q21-7q31 by genetic linkage analysis (1-6).
Additional sequences have been cloned in this region by
chromosome mediated gene transfer (7), saturation cloning of
fragments from a chromosome-specific library (8), chromosome
walking, and chromosome jumping, which allows the directed
cloning of sequences at a defined distance (9-12). RFLP analysis
of families that show recombination between the markers and
the disease, and long-range restriction mapping by pulsed-field
gel electrophoresis, have been used to locate the CF gene to a

region spanning approximately 700 kb, flanked by MP6d and
W32 (12-16). Few markers obtained from the D7S8 side of
the CF gene have been available for study and only one family
that is recombinant between D7S8 and CF has been reported (CF
1380). We used chromosome jumping and walking in the region
between D7S8 and CF to isolate additional RFLP markers and
developed strategies for increasing the informativeness of these
markers in the recombinant family using the polymerase chain
reaction and CA/GT repeats.

METHODS
Isolation of chromosome jumping clones
The screening of the jumping library (9), analysis of jumping
clones, isolation and mapping of genomic clones, preparation of
probes and identification of RFLPs has been described previously
(12).

Polymerase chain reaction
One j4g of genomic DNA was mixed with 20 ng of each W46
primer (5' TGGAGATGTAGAGTGGT, 5' GATCAGAAA-
GCACTATTTCAG), 1.5 mM MgCl2, 50 mM KCl, 0.01%
gelatin, 10 mM Tris, pH 8.3, and 5 u TaqI polymerase U.S.
Biochemicals) in a final volume of 100 ftl. The samples were

denatured for 7 min at 940 and treated for 25 cycles of 940, 30
sec, 550, 1 min, 720, 2 min in a Perkin-Elmer DNA Thermal
Cycler. Ten IL of sample was digested with Rsa I and resolved
on a 15 cm non-denaturing 5% acrylamide gel, and stained with
ethidium bromide.
The W30 CA/GT repeat was amplified using the conditions

described by Litt and Luty (18) using the primers 5'
AAGGCCCATCTTCAGTAG, 5' TTCTCACTCCTTT-
ACTAGT, and the products separated on 8% DNA sequencing
gels.

RESULTS

We performed successive rounds of chromosome jumping and
walking, starting from the W32 locus (D7S424) to clone
sequences closer to the CF gene. All of the jumps traversed a

distance greater than 35 kb. The average length of 20 jumps
isolated on both sides of the gene was 75 kb. Approximately 140
kb of DNA has been cloned and the jumps span about 250 kb
in this region as determined by pulsed-field gel electrophoresis.
The map of the loci isolated is shown in Figure 1.
The details of the walking and jumping are as follows: J35

was isolated by screening with a probe from the 5' end of a 10
kb fragment in W32. Six independent phage clones were isolated
using J35 as a probe. J35 contains 2.4 kb of a 2.5 kb genomic
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Eco RI fragment and was therefore difficult to orient. The
orientation was eventually determined by detailed mapping of
the jumping clone and insert. The phage extending furthest in
the 5' direction contains a stretch of 6 kb which is present in
about 20 copies in the human genome, but is not conserved in
rodent DNA. Several of the fragments detected by this probe
appeared to be polymorphic, but only one or two mapped to
chromosome 7. Partial sequencing of this region failed to reveal
any homology with sequences in the Genbank nucleotide sequence
data base (data not shown). An attempt to walk through this region
resulted in the isolation of several phage clones which did not
map back to chromosome 7. A 1.5 kb fragment from the end
of a 7 kb Eco RI fragment of W35 was used to screen the jumping
library again, and J46 was isolated. J46 contains a portion of
an LI repeat and required competition with human DNA before
use as a probe or to screen libraries (data not shown). Over 32
kb of overlapping phage clones were isolated at W46 and a 5.8
kb Eco RI fragment was chosen to continue jumping. Two
independent jumps were isolated from W46, and designated J30
and J19. They were both used to screen lambda libraries and
the clones overlapped, with J30 being 5' to J19, about 10 kb
apart (Figure 1). Over 60 kb of overlapping clones were isolated
at W30/19, and a 4.5 kb Eco RI fragment was used to isolate

CF
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Figure 1. Map of the Cystic Fibrosis Locus. A, Diagram of the CF region showing
the location of the gene as determined by the analysis of families displaying
recombination. The approximate position of the jump clones was determined by
PFGE (data not shown). In our conversion, J refers to the insert of the jumping
clone andW to the genomic sequences isolated in that region. The symbols above
the solid line indicte the presence of RFLPs. Data for KM 19 (D7S23) and MP6d
(D7S399) have been reported previously (14). A, Acc I; CA, CA/GT repeat;
E, Eco RI; I, insertion/deletion; M, Msp I; P, Pst I; Pv, Pvu II; S, Sac I; T.
Taq I; V, Eco RV. B, Map of the overlapping genomic regions isolated at each
locus. L and X indicate the location of Sal I and Xho I restriction sites, respectively.

J91. Five independent phage clones were isolated at W91
encoding 15 kb of DNA.
At each locus we searched for the presence of rare cutting

restriction sites and RFLPs, and used probes to hybridize to
pulsed-field blots. The W32 (D7S424) locus contains Sal I and
Xho I sites, but no other clones contained rare enzymes sites.
Most probes tested revealed genomic Msp I and Taq I fragments
of 5-20 kb, indicating that this region has a low abundance of
CpG base pairs. This is consistent with the long-range restriction
maps of this region (17).

Single-copy clones from each locus were used to screen for
RFLPs by hybridizing to DNA from 9 unrelated, mostly
Caucasian individuals. DNA was digested with 10-40 enzymes
and putative RFLPs were tested on larger population samples;
segregation was analyzed in CF or normal Caucasian pedigrees.
The p35ES3.0 probe (D7S431) detects a low frequency Eco RI
polymorphism, which is in a high degree of linkage
disequilibrium with the Taq I RFLP at the D7S8 locus (Tables
1 and 2). Additional very rare Nco I and Taq I alleles were
detected, principally in Black individuals, but these probes were
uninformative in all parents tested (data not shown). The p46E3.6
(D7S432) clone revealed a Taq I RFLP whose alleles have
frequencies of 0.46 and 0.54. This probe contains several
repetitive sequences and even with competition using excess
human DNA does not reliably yield readable blots. Data obtained
from 48 unrelated individuals showed that this RFLP splits up
haplotypes of previously isolated markers on this side of the CF
gene; 43% of individuals uninformative for markers in the D7S8
locus are informative for this marker (data not shown). The probe
p30E6.5 (D7S433) revealed a polymorphism with Acc I; the
frequency of the alleles being 0.78 and 0.22 (Table 1). This RFLP
was also informative in several individuals uninformative for
D7S8 (data not shown). In addition, a relatively rare Msp I RFLP
(0.92/0.08) was detected by J91. These new markers increase
the heterozygosity on the telomeric side of the gene by over 20%.
Two polymorphisms detectable only by the polymerase chain

reaction (PCR) were also found in this region. An insertion of
about 10 bp was detected in the W46 locus upon amplification
of a 900 bp segment (Figure 2). This RFLP was shown to
segregate in 5 CF families and was in significant linkage
disequilibrium with the Taq I RFLP of D7S8 (Table 2). Upon
sequencing a fragment in the W30 locus we identified a region
which contains a CA/GT repeat (Figure 3,4). Since these repeats
have recently been shown to be polymorphic (18,19), we used
flanking primers to amplify this region in genomic DNA. At least

TABLE 1 RFLPs Linked to Cystic Fibrosis

Locus Probe Enzyme Alleles Size (kb) Freq. # Chrom.

D7S434 J91 Msp I 1 2.5 0.08 180
2 1.4+1.1 0.92

D7S433 p3OE6.5 Acc I 1 3.0 0.78 78
2 2.5 0.22

CA/GT Repeat Greater than 5 alleles

D7S432 p46E3.6 Taq I 1 4.0 0.46 80
2 2.5 0.54

Ins. 1 0.11 0.08 88
2 0.10 0.92

D7S431 p35ES3.0 Eco RI 1 13 0.11 109
2 6 0.89

The frequency (Freq.) of each allele was determined by analyzing both normal and CF chromosomes (Chrom) in unrelated Caucasians.
Ins. refers to an insertion/deletion RFLP detected by digesting amplified DNA with Rsa I.
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Figure 2. RFLP in the W46 Locus Detected by Amplification and Digestion with Rsa I. Primers that amplify a 0.9 kb DNA fragment were used on DNA from
individuals of pedigree 1380. The amplified DNA was digested with Rsa I, separated on a 5% acrylamide gel, and stained with ethidium bromide. The upper band
observed in the heterozygotes is a heteroduplex of the two alleles. Genotypes are displayed in Figure 5. M, marker; P, plasmid.

5 alleles have been detected in 8 unrelated parents of CF
pedigrees, with virtually every parent informative (data not
shown). Due to the presence of background bands we have been
unable to identify all the alleles at this locus, however, the
genotype ofCF and normal children within a family could usually
be distinguished. We are attempting to improve the resolution
of these alleles so that this polymorphism can be used for
diagnostic and population studies. We conclude that the
polymerase chain reaction can be used to identify RFLPs
undetectable by standard techniques.
The CF pedigree 1380, collected at the University of Utah,

contains three affected children (8920-2), one of whom (8920)
is an obligate recombinant, in the paternal chromosomes, between
D7S8 and CF (Figs. 2,3,5; ref. 20). This individual was also

shown to be recombinant with a marker at the W32 locus (Fig.
5, 12), and we have continued to use it to exclude the CF mutation
from segments of DNA in this region. The father of this pedigree
(8926) was uninformative for the W91 Msp I, W32 Eco RI, and
W46 insertion RFLPs, but is informative for the W46 Taq I and
W30 Acc I RFLPs. As shown in Figure 5, W46 Taq I and W30
Acc I are recombinant in this family. Using the W30 CA/GT
repeat, we could also see that the recombinant child has inherited
a different paternal chromosome then his other affected siblings
(Figure 3,5). These data demonstrate that we have not crossed
this recombination, and exclude the region between W30 and
W32 as containing the mutation responsible for cystic fibrosis.
None of these markers displays levels of linkage disequilibrium
with CF that are dramatically different from those at D7S8 (Table

M
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2). To our knowledge, this is the largest stretch of human DNA
characterized that shows such extensive marker-marker linkage
disequilibrium.

DISCUSSION

We used chromosome jumping and walking to clone additional
sequences closer to the cystic fibrosis gene. By using these probes
to identify RFLPs, and by following the segregation of these
polymorphisms in a family recombinant with CF, we have been
able to narrow the location of CF by about 200 kb. Genetic data
places the CF gene between MP6d and W30, which span 500
kb. Chromosome jumping has advantages over the use of walking
alone to travel large distances along the length of a chromosome.
We have found several regions where screening both phage and
cosmid libraries failed to result in a clone that extended in the
desired direction. The presence of large repetitive sequences could
also hamper walking efforts. While we do not know the length
or nature of the low copy repetitive element encountered in the
W35 locus, this region probably could have been traversed with
a cosmid clone or a high stringency approach. However, jumping

TABLE 2 Linkage Disequilibrium of Markers between D7S8 and CF

Markers # Chrom. A x2

W35 Eco vs. CF 20 0.15 0.4
W46 Ins. vs. CF 88 0.04 0.1
W30 AccI vs. CF 112 0.13 1.9
W91 Msp vs. CF 118 -0.04 0.2
W46 Ins. vs. D7S8 Taq I 82 -0.47 18
W35 Eco vs. D7S8 Taq I 25 -1.0 25

Standardized linkage disequilibrium values were calculated as described (12). In
this population the value for D7S8 Msp I vs. CF is 0.02 (13).

over this sequence allowed us to proceed more rapidly past this
site. We succeeded in identifying an RFLP in each of the regions
cloned, although many of the polymorphisms had low frequency
alleles and the W91 and W35 loci were uninformative in pedigree
1380. The lack of informative markers can be a problem as one
gets closer to the disease gene, and the number of recombinant
families diminishes. Other methods for identifying polymorphic
nucleotides are available, including RNase A digestion (21),
denaturing gradient gels (22), direct sequencing and oligotyping
(23), and blotting fragments resolved by sequencing gels (24).
We have developed and applied another approach, amplifying
segments up to 1 kb with the PCR, and digesting the amplified
DNA with frequently cutting enzymes. This technique revealed
the presence of a smal insertion in the W46 locus, and the general
applicability of this strategy is under investigation. A more
promising strategy would be to search for CA/GT repeats. Since
these elements are present in 50,000-100,000 copies, there is
a good chance of finding such a sequence in a given genomic
clone (18,19). Such highly informative loci will be very useful
in characterizing individual families, as well as for genetic
diagnosis.
The cystic fibrosis locus has provided several interesting

examples of long range linkage disequilibrium (non-random
association of genetic markers) in the human genome. Both of
the flanking markers met and D7S8 have shown significant
associations with CF (1,4,6,12), a segment spanning 2-4 cM
and 2000 kb. The polymorphisms surrounding D7S8 also show
dramatic associations, in unrelated Caucasians. Four RFLPs
spanning 300 kb (W32 Sac I, D7S8 Pst I, W29 Eco RV and W29
Pvu II) are all in tight association with D7S8 Msp 1 (12,25). The
D7S8 Taq I RFLP is in linkage disequilibrium with three other
polymorphisms (W46 insertion, W35 Eco RI and D7S8 Pvu II)
spanning about 250 kb (Table 2). In total the region is
approximately 450 kb in length and for these nine RFLPs (512mg se X . .~~~. s,..

* ........~~~~~~~~~~~~~....... ... .... -f

Figure 3. Segregation of the W30 CA/GT repeat. 1 pg of DNA from each individual was amplified with primers flanking the repeat and the DNA separated on
an 8% sequencing gel. See Figs. 2 and 4 for relationships between individuals. Genotype of individual 8925 is derived. CF* represents the patient (8920) previously
shown to be recombinant between D758 and CF and here shown to be recombinant for W30 (see Figure 5).
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10 30 50
TCAAAGCTATCACTTGTATCCCTCTCCCTGCTCAAGGCCCATCTTCAGTAGACTAAACAA

70 90 110
ATACCAGAATCACACACACACACACACACACACACACACACACACACACACACACACAAT

130 150 170
CCTGTATACTAGTAAAGGAGTGAGAAGGAAAATACTCTAAGATAAAAGGATAATAAGTTT

190 210 230
TTACACAGTAATTCTGTTTAACAGGTAAATAAATGCAGGATAACAGAAGGCAGAAACCTG

250 270 290
ATTTATTGCAGAAAACGGATGGAAAAAATTCTAAACACAACAGATGAACTCCAGAGCCCT

310 330 350
GCTGTGAAAACAAGGAATTTCAATTCTGGTCAAATTCTCAACAGTGGCATAACTCTTAGG

370 390 410
AAATCTCAGACTTCTCAGTCTTCAGATACTTTCTGTCTAGGTCTACTTTTCTGCATATTC

430 450 470
CTAGATTCTTATCTATTCAGACATGCATCTGGGTGACAGTCATTTTAAGTCAAGATAGGA

490 510 530
AGGATTGTCTTTCCTTATGTCTCCAGGCCCTTAGGGATTAAATAGACTTTATTGGTTATA

550 570 590
TAACTGTCCTTTAACCTGCAACTTCGGGGCCACAGCCTTTTTTTGAGGCTTACTCTGGGA

Figure 4. Partial Nucleotide Sequence of a HindmI Fragment in the W30 Region.
The position of the CA repeat Is nucleotides 71-118. EMBL Accession number
X16414.
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Figure 5. Segregation of Markers in the Pedigree
Recombination on the Telomeric Side of CF. The g
described in this report as well as several recently des
are displayed. The order of the markers read from cer

to bottom. The left-handed haplotypes are maternal, ri
corresponds to the CA repeat microsatellite.

possible haplotypes) three haplotypes
phenomenon has been observed on bot
chromosomes, suggesting that the Caucasi
significant restriction in the number of haph
region. Such large expanses of DNA in Iir
pose problems for using locus expansi
heterozygosity of specific regions. Howevei
linkage disequilibrium may be useful
components for diseases in which pedigr
Linkage disequilibrium also provides indel
the location of mutations, although the us

widely agreed on. Because the markers on

gene show much greater association with ti
our data suggests that the gene will lie closer
The techniques and strategies developed

gene will greatly aid the progress in cloning
We have shown that chromosome jumping
used to clone large stretches of DNA. Byt
chain reaction to identify RFLPs in regil

1032

i i

polymorphic by Southern blotting, virtually any region of the
genome should be amenable to genetic analysis.
While this manuscript was being prepared, the cystic fibrosis

gene was cloned and identified (17,29,30). The location of the
CF gene is entirely consistent with both the recombination data
and linkage disequilibrium data presented in this manuscript. Both
parents of pedigree 1380 carry the common CF mutation, and
all three of their affected children are homozygous for this
mutation (data not shown).
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